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[57] ABSTRACT

This invention regards an arrangement to correct the
linear and nonlinear transfer behavior of electro-acous-
tical tramsducers, comsisting of an electro-acoustical
transducer, a distortion-reduction network connected
to its input terminals, and a support system to fit the
distortion-reduction network to the transducer. The
distortion-reduction network shows nonlinear transfer
characteristics obtained from modelling the transducer
and thus changes the electrical signal such that the
nonlinear effects of the network compensate for the
nonlinear behavior of connected transducer. The result
is an overall system with reduced distortion and im-
proved linear transfer behavior. A fitting technique and
system is used to change the parameters of the electrical
network automatically to fit the actual transfer charac-
teristics of the distortion reduction system to the trans-
ducer. Several mechanisms, unique to each fransducer,
are responsible for generation of nonlinear distortion.

50 Claims, 9 Drawing Sheets
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ARRANGEMENT TO CORRECT THE LINEAR
AND NONLINEAR TRANSFER BEHAVIOR OR
ELECTRO-ACOUSTICAL TRANSDUCERS

BACKGROUND OF THE INVENTION

1. Fieid of the Invention

This invention regards an arrangement to correct the
linear and nonlinear transfer behavior of electro-acous-
tical transducers, consisting of an electro-acoustical
transducer, a distortion-reduction network connected
to 1ts input terminals, and a support system to fit the
distortion-reduction network to the transducer. The
distortion-reduction network shows nonlinear transfer
characteristics obtained from modelling the transducer
and thus changes the electrical signal such that the
nonlinear effects of the network compensate for the
nonlinear behavior of connected transducer. The result
is an overall system with reduced distortion and im-
proved linear transfer behavior. A fitting technique and
system 1s used to change the parameters of the electrical
network automatically to fit the actual transfer charac-
teristics of the distortion reduction system to the trans-
ducer. Several mechanisms, unique to each transducer,
are responsible for generation of nonlinear distortion.

The primary nonlinear distortion of an electro-
dynamic transducer (loudspeaker, head phone, micro-
phone, technical actuators) is caused by displacement
varying parameters. Transducers using wave guides
(e.g. horns) show additional distortion based on nonlin-
ear compression- and flow characteristics. Electro-
static microphones (condenser type) exhibit nonlinear
distortion due to varying electric charges on the plates.

Reducing nonlinear signal distortion improves sub-
jective listeping impression in electro-acoustical record-
ing and reproduction of music and increases the linear-
ity of the output. The fields of measurements and active
noise reduction require highly linear transducers.

Additionally, in noise cancelling systems, non-com-
pensated non-linear distortion reduces the effectiveness
of the system. Improved transducer design can result in
better linearity but at a higher cost and with reduced
efficiency. By adding an electric compensation system,
transducer distortion can effectively be reduced and the
Iinear and nonlinear transfer response improved.

2. Description of Related Art

The UK patent 1,031,145 for electro-acoustical trans-
ducers suggests the use of negative feedback. This
method requires an electrical, mechanical or acoustical
signal derived from the transducer or the radiated
sound. This signal is compared with the electrical input
signal and the error signal is used for driving the trans-
ducer.

Using negative feedback has the advantage that it is
not necessary to know the exact nature of the nonlinear-
ity and that the system also functions when the nonlin-
earity changes. However, the necessary pick-up sys-
tems are expensive, sensitive and have certain transfer
characteristics which have to be compensated for by an
approprate distortion-reduction network. The danger
of possible clipping also requires a protection system.
Hall, D. S., Design Considerations for an Accelerome-
ter Based Loudspeaker Motional Feedback System, 87
Audio Eng. Soc. Cony., New York October 1989 (Pre-
print 2863). All these problems have prevented broad
application of this method. Consequently, it is desirable
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to realize a nonlinear correction system without perma-
nent signal feed back.

By modeling the nonlinear characteristics of the
transducer, the nonlinear transfer function can be de-
scribed. Using these characteristics, a filter with the
inverse transfer function can be designed which will
compensate for the nonlinear behavior of the trans-
ducer.

One way of modeling the nonlinear transfer behavior
of a transducer is based on the functional series expan-
sion (e.g. VOLTERRA-series expansion). This is the
ost powerful technique to describe the second- and
third-order distortions of nearly linear systems at very
low input signals. However, if the system nonlinearities
cannot be described by the second- and third-order
terms of the series, the transducer will deviate from the
model resulting in poor distortion reduction. Moreover,
to use a Volterra-series the input signal must be suffi- .
ciently small to guarantee the convergence of the series
according to the criterion of Welerstrass.

This theory was first applied to transducers by Kai-
ser, A. J.,, Modeling of the Nonlinear Response of an
Electrodynamic Loudspeaker by a Volterra Series Ex-
pansion, J. Audio Eng. Soc. 35 (1987) 6, S. 421. In the
small-signal domain, a good agreement between mea-
sured and calculated distortion was found, but at a
higher level of input power there were effects which
could not be explained by the second- and third-order
VOLTERRA-series expansions. Klippel, W., The
Large-Signal Behavior of Electrodynamic Loudspeak-
ers at Low Frequencies, 90 AES Convention Paris
1991, preprint 3049.

If the VOLTERRA-series expansion of an any cau-
sal, time invariant, nonlinear system is known, the cor-
responding compensation system can be derived.
Schetzen, M., The Volterra and Wiener Theories of
Non-Linear Systems (Wiley, New York, 1980). From
the VOLTERR A-series expansions, Kaiser derives an
“Arrangement for converting an electric signal into an
acoustical signal or visa versa and a nonlinear network
for use in the arrangement™ as described in U.S. Pat.
No. 4,709,391 to Kaiser. Kaiser’s arrangement com-
prises at least two circuit branches in parallel. One cir-
cuit branch compensates for the first order or linear
distortion while each other circuit branch compensates
for a different higher order distortion. This arrange-
ment has a parallel structure according to the series
properties of the functional series expansion (e.g. VOL-
TERRA-series expansions). The individual branches
represent linear, quadratic, cubic or higher-order non-
linear networks and compensate for the appropriate
distortion systems in the transducer model. The output
of each branch is then added together to produce the
output signal. This concept does not consider the spe-
cific characteristics of the transducer and 1s limited to
second- and third-order correction systems in practice.

At low input levels, this system adequately compen-
sates for non-linearities however, at higher levels the
transducer deviates from the ideal second- and third-
order model resulting in increased distortion of the
transfer signal. In theory, a Volterra series can compen-
sate perfectly for the transducer distortion, however,
perfect compensation requires an infinite number of
terms and thus an infinite number of parallel circuit
branches. Adding some higher order compensation
elements can increase the system’s usable dynamic
range. However, because of the complexity of elements
required for circuits representing orders higher than
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third, realization of a practical solution is highly com-
plex.

Recognizing the impracticability of higher order
terms, this invention uses a different approach. Instead
of a generic solution, this invention models the non-lin-
ear distortion characteristics of the transducer. Once
the characteristics of the distortion are identified, a
system having opposite characteristics can be created
and used to compensate for the distortion in the trans-
ducer. Rather than the imperfect distortion reduction
accomplished by Kaiser, this system creates a filter
representing, within the scope of accuracy of the mea-
surement of the characteristic of the transducer, a per-
fect distortion reduction network for the particular
transducer. Fitting a nonlinear-distortion reduction
network to the acoustical transducer has not been dis-
cussed In any literature, and no methods, supporting
systems or automated procedures have been developed.

The goal of this invention is to create a distortion-
reduction network without permanent feedback, which
allows complete, automated (self learning) compensa-
tion of nonlinear distortion at small and large signal
amplitudes (the transducer’s full dynamic range). More-
over, as a system based on modeling the characteristics
of the transducer, this invention be realized with fewer
elements and less complexity than a Volterra series
correction system.

SUMMARY OF THE INVENTION

This invention corrects the linear and nonlinear trans-
fer behavior of electro-acoustical transducers, consist-
ing of an electro-acoustical transducer, a distortion-
reduction network connected to its input terminals; and
a support system to fit the distortion-reduction network
to the transducer. The distortion-reduction network
shows nonlinear transfer characteristics obtained from
modelling the transducer and thus changes the electri-
cal signal such that the nonlinear effects of the network
compensate for the nonlinear behavior of the connected
transducer. The result is an overall system with reduced
distortion and improved linear transfer behavior. A
fitting technique and system is used to change the pa-
rameters of the electrical distortion reduction network
automatically to fit the actual transfer characteristics of
the distortion reduction system to the transducer. Sev-
eral mechanisms, unique to each transducer, are respon-
sible for generation of nonlinear distortion.

The invention implements the distortion reduction
network 1n one of three ways. The first technique uses
at least two subsystems containing distortion reduction
networks for particular parameters placed in series.
These subsystems contain distortion reduction circuits
for the various parameters of the transducer and are
connected 1n either a feedforward or feedback arrange-
ment.

The second implementation of the network consists
of least one subsystem containing distortion reduction
circuits for particular parameters where at least one
subsystem contains a multiplier and the subsystems are
arranged 1n a feedforward structure. If more than one
subsystem is used, the subsystems are arranged in series.

A third implementation of the network consists of a
single subsystem containing distortion reduction cir-
cuits for particular parameters connected in a feedback
arrangement.
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4
BRIEF DESCRIPTION OF THE DRAWINGS

F1G. 1: Basic circuit of the distortion-reduction net-
work for loudspeakers (a2) and microphones (b)

FI1G. 2a: Two-port Z containing nonlinear, dynamic
three-ports D connected in a feed forward structure,

FIG. 2b: Two-port Z containing nonlinear, dynamic
three-ports D connected in a feed back structure,

FIG. 3: Structure of the nonlinear, dynamic three-
port D,

FIG. 4: Structure of the distortion-reduction network
for an electrodynamic loudspeaker (woofer system),

FIG. §: Structure of the distortion reduction network
for an electrodynamic microphone,

FIG. 6: Structure of the distortion reduction network
for a condenser microphone,

FIG. 7a: Equivalent circuit with lumped parameters
of electrodynamic loudspeaker,

FIG. 7b: Describes the transfer behavior of an elec-
trodynamic loudspeaker by a signal flow diagram,

FIG. 8: Equivalent circuit of a horn loaded compres-
sion driver,

FIG. 9: Three-port Dg for compensation of displace-
ment varying stiffness of a woofer system,

FIG. 10: Three-port Dp for compensation of dis-
placement varying Bl-product of a woofer system,

FI1G. 11: Three-port Dp for compensation of dis-
placement varying damping of a woofer system,

FI1G. 12: Three-port Dy for compensation of the
electro magnetic attraction force of a woofer system
with voltage supply,

FIG. 13: Three-port Dy for compensation of the
electromagnetic attraction force of a woofer system
with current supply,

FIG. 14: Three-port Dy for compensation of dis-
placement varying inductance of a woofer system,

F1G. 15: Three-port D4 for compensation of nonlin-
ear air compression in sound directing elements,

F1G. 16: Three-port Dgr for compensation of the
varying flow resistance due to turbulence in sound di-
recting elements,

FIG. 17: Three-port Dr for compensation of the
displacement varying stiffness of an electrodynamic
microphone,

FIG. 18: Three-port DDB for compensation of the
displacement varying damping of an electrodynamic
microphone,

FIG. 19: Three-port Dgg for compensation of the
displacement varying Bl-product of an electrodynamic
microphone,

FIG. 20a: Signal flow diagram (basic structure) of a
distortion reduction system for an electrodynamic loud-
speaker,

FIG. 20b: Distortion reduction network for a loud-
speaker system,

FIG. 21: Circuit of a controllable nonlinear two-port
without memory,

FIG. 22: Basic structure of the adjustment system to
perform an automatic fitting of the distortion reduction
network to the transducer,

FIG. 23: Circuit of the automatic adjustment system
based on correlation analysis,

FIG. 24: Three-port D rfor compensation of displace-
ment varying signal delay (Doppler distortion).
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DESCRIPTION OF THE PREFERRED
EMBODIMENT

According to the invention, the electro-acoustical
transducer 1s described by a lumped parameter model.
For instance, the moving parts (diaphragm, voice coil,
suspension) are described by a single element with one
parameter (moving mass). The moving mass remains
constant but the parameters of other elements (e.g.
damping, stiffness of suspension, Bl-product, etc.) vary
with time. The changes, caused by aging, fatigue and
warming show up as long term processes, which change
the linear transfer behavior of the transducer, but do not
cause nonlmear signal distortion. Parameters dependent
on displacement, current, voltage, velocity and sound
pressure result in known nonlinear distortion of the
transferred signal.

The transfer behavior can be completely described by
a nonlinear integro-differential equation (IDG). The
transfer function of the distortion reduction system is
denived directly from the IDG and can be embodied
into a network. This network is specifically configured
for each transducer which results in complete compen-
sation of nonlinear distortion over the transducer’s full
dynamic range. The advantage of this invention is the
realization of simple but very effective distortion reduc-
tion networks that require a minimum number of ele-
ments.

The problem of fitting the distortion reduction net-
works to the transducer was solved with the help of an
additional system. A temporarily activated fitting sys-
tem facilitates automatic determination and adjustment
of the optimum distortion-reduction parameters. For
the transducer’s dynamic range and bandwidth the de-
sired linear transfer behavior and a reduction of nonlin-
ear distortion can be achieved.

A signal flow diagram is useful to illustrate the gener-
ation of nonlinear distortion in the transducer as well as
the derivation of a distortion reduction system. The
example of a low frequency transducer with voltage
drive shall be presented. The electromechanical eguiva-
lent circuit (FIG. 7a) is shown as a signal flow diagram
(FIG. 7b) by the nonlinear IDG, which consists of a
nonlinear transfer system {152) followed by a linear
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an electromechanical system (144) with a transfer func-
tion X(s) and a following mechanic-acoustical system
with a transfer function H(s).

‘The nonlinear system (152) connected to the input of
the linear system (153) describes the generation of the
nonlinear signal distortion. The nonlinear system (152)
consists of nonlinear, dynamic transfer systems (two-
ports 147-151) and one linear transfer system (two-port
167), which also shows the transfer function X(s) and
additional combining elements (139-143, 145).

The linear and nonlinear transfer systems have one
input 154 and one output (at the output of element 146),
the combining elements (139-143) have two signal in-
puts (either 154 or an output of the previous combining
element and the output of one of the elements 147-151)
and one signal output (of element 145). The output of
each transfer element (147-151) is connected to the
input of a combining element (139, 143-145). The corre-
sponding parts are defined in the following as three-
port. Each three-port represents exactly one mechanism
of nonlinear distortion.

The three-ports that correspond to the displacement
varying parameters (induction, damping, the electro-
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magnetic motor force and stiffness) use summing ele-
ments as combining elements (139, 141, 142, 143). Sur-
prisingly, the displacement varying electro-dynamic
motor force leads to a multiplier (140). The three-port
that describes the Doppler distortion contains a control-
lable time delay element (145) as a combining element.

All three-ports are connected to each other in a de-
fimed structure with the output of the preceding com-
bining element connected to the first input of the fol-
lowing combining element, which leads to a series con-
nection of all three-ports. The three-port (147, 139),
which describes the effect of varying inductance is first,
tollowed by the three-port of the electro-dynamic
motor force (148, 140) and the three-ports correspond-
ing to the electromagnetic motor (150, 142), the nonlin-
ear damping (141, 149) and the stiffness (143, 151). In
the last place, in front of the linear system (144, 146) is
the three-port (145, 167) corresponding to the genera-
tion of the Doppler-distortion in the acoustical system.
The mputs of all nonlinear sub-systems and the linear
transfer system (167) are connected to the signal input
of the time delay element (145). The transfer systems
(147-151) are controlled by a positive signal feedback.
The three-port of the Doppler distortion (145, 167)
represents a feedforward structure. The feedback struc-
ture in the transducer determines the known large-sig-
nal effects (amplitude compression and phase variation
of the fundamental and the distortion products). The
Doppler-distortion generated at the output of the delay
element (145) does not influence the mechanical vibra-
tion of the diaphragm.

The nonlinear transfer system (152) consists of two
series connected, nonlinear sub-systems (139-143 and
147-131 connected to 145, 167) one with feed forward
(145, 167) and one with a feedback structure (147-151).
The nonlinear transfer system (152) represents the gen-
eration of nonlinear distortion in the output signal. This
effect can be completely compensated for by a certain
distortion-reduction system (FIG. 20q), which is con-
nected in front of the transducer.

This mvention derives the distortion-reduction net-
work comprised of the transfer elements Sy (166), Sp
(165), Sp (164), Spr(163), Ss(162) and X(s) (161), which
are 1identical to the nonlinear and linear transfer systems
of the transducer (147-151, 167) in the transducer signal
flow diagram (FI@G. 7b). Each of these transfer elements
1s connected to a combining element. The combination
of both is called a three-port. Corresponding three-ports
in the distortion reduction network and in the trans-
ducer model (see FI1G. 7b) have exactly inverse proper-
ties and all combining elements have the inverse opera-
tion with negative instead of positive feedback or vice
versa.

The summing elements (139, 141-143 in FIG. 75)
correspond to subtracting elements (160, 156-158, in
FiG. 20a), the multiplier (140) corresponds with the
dividing element (159), and the controllable signal delay
element (145) has a corresponding delay element with
reversed control characteristics.

All three-ports in the distortion-reduction network
have two inputs and one output. They are linked in an
exact mirror-image sequence of FIG. 74 by using one of
their inputs and the output of every three-port. The
other input of the three-port (input of the transfer ele-
ments 161-166) 1s connected to the output of the signal
delay element 155. Note that the feedback part in trans-
ducer model (F1G. 7b) corresponds with a feed forward
part in the distortion reduction system (FIG. 204). Simi-
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larly, the feed forward Doppler distortion model (145,
167 1n FIG. 7b) corresponds with a feedback system
(155, 161 in FIG. 200) for performing distortion reduc-
tion. The complete distortion reduction network con-
sists of two series connected nonlinear subsystems.

This network structure allows the effects of corre-
sponding three-ports to cancel the corresponding dis-
tortion of the transducer. For example, the addition
(139) of nonlinear induction distortion (147) to the sig-
nal 1n the transducer is compensated for by a substrac-
tion (160) of the same signal in the distortion reduction
system in FIG. 20a. The multiplication in the transducer
model (148) in FIG. 7b is compensated for by a division
(159) of the same signal in the distortion reduction sys-
tem in FIG. 20a. Similarly, the system compensates for
the effect of ail the other three-ports. Using this cancel-
ling effect and according to the type of electro-acousti-
cal transducer, a clearly defined network structure is
derived. No matter what network structure is derived,
all circuit structures have a distortion reduction net-
work consisting of transfer elements connected in series
(cascade), where at least one transfer element (two-
port) shows a nonlinear transfer behavior between its
input and output terminals.

Complete compensation of certain, simultaneously
active, nonlinear causes of distortion (for example Dop-
pler-distortion and force factor at the low frequency
transducer or force factor and damping/suspension at
the electro-dynamic microphone) can only be possible
through a series connection (cascade) of several nonlin-
ear transfer elements (see also FIG. 1). Serial connec-
tion of the non-linear transfer elements in the distortion
reduction networks is obtained by connecting the out-
put of the first element to the input of the next element
and so on.

Each nonlinear transfer element (two-ports Z1,Z>,Z3)
or distortion reduction network is a frequency indepen-
dent system without memory or a dynamic frequency
dependent system. Each dynamic, nonlinear two-port Z
comprises at least one transfer three-port D (see (14) in
FIG. 2a or FIG. 2b), which corresponds to a nonlinear
distortion mechanism in the transducer and is used to
compensate for that nonlinear distortion.

Each three-port D is a dynamic, nonlinear transfer
element with two signal inputs E1, E> and one output A
(shown in detail in FIG. 3) and consisting of one nonlin-
ear dynamic transfer element (two-port U (23)) and one
combining element V (24) without memory, which
operates (e.g. add or multiply) on the input signals to
produce the output signal. The input E; of the three-
port D 1s directly connected to the input of the combin-
ing element, V (24), and the other input E; of the three-
- port D 1s connected to the second input of the combin-
ing element V (24) via the two-port U (23) and the
output of the combining element V (24) is connected to
the output 25 of the three-port D. The two-port U (23)
represents the physical properties of the variable trans-
ducer parameter and its effect in the functional struc-
ture of the transducer.

If several three-ports are located between the input
(18) and the output (20) of any of the two-port Z (4, 5,
6), they are connected in series (see FIG. 2a and 2b).
The corresponding input E; (18) and output A (20) and
the remaining input E> (19) of the three-ports as shown
in FIG. 3 is either connected with the input (18) of the
two-port Z (4 in FIG. 22) in a feed forward arrange-
ment or with the output (20) of the two-port Z in a
feedback arrangement (4 in FIG. 2b).
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All dynamic nonlinear transfer elements (two-port Z
4), U (23 in. FIG. 3) and the three-port D (14) are
modeled from dynamic linear two-ports (167) and/or
nonlinear two-ports N (147-151) without memory
(FIGS. 9-19) and/or combining elements (e.g. summing
elements, multipliers).

The independent variable parameter of the dynamic
linear two-ports (167) (linear filter parameter), FIG. 75,
and of the nonlinear two-ports (147-151) without mem-
ory (nonlinear parameter) are determined by measure-
ments of the resulting transfer behavior (transducer
with distortion reduction network) with the help of a
fitting arrangement. This is temporarily or permanently
connected to the transducer-distortion-reduction-sys-
tem and automatically fits the distortion-reduction net-
work to the corresponding transducer.

The distortion-reduction network shall be specified
for use with an electro-dynamic loudspeaker mounted
in a vented or closed box-system. From an equivalent
circuit with lumped elements, the nonlinear integro-dif-
ferential equation (IDG) is developed. Then the transfer
function of the distortion reduction network is deter-
mined and realized as a circuit structure. The nonlinear
equivalent circuit (see FIG. 7q) differs from a linear one
by the presence of current- and displacement varying
parameters.

The displacement varying stiffness of diaphragm
S7(X) and the stiffness of the coupled air volumes Sp(X)
i1s combined into constant total stiffness S, and a dis-
placement varying part s (x):

50+ 5(x)=57(x)+5B(X). (1)

The electro-dynamic Bl-product is assumed in linear

modeling as a constant

Bl={(x)=const.=by (2)

but here the dependence on displacement is considered
by

B1={(x)=B;(%). 3)
The voice coil inductance L(x) and the electro-mag-
netic motor force Far46(1,x) vary with displacement.

The elements with constant parameters of the me-
chanical system (moving mass m, stiffness s,, resistance
zp) and of the acoustic system (e.g. for a vented box
system: moving air mass my, in the vent, resistance z;,
stiffness sp of enclosed air) are combined in the impe-
dance term:

1 (4)
1 1 1

mL-,s‘z-l- ZL S +;E

J) =m- -2 4+ zp0-5 + 59 +

Using the Laplace operator s, the inverse Laplace
transformation & { } and convolution operator *, the
integro differential equation (IDG) for a constant cur-
rent drive can be given:

(3)
Bi(x) @ iz() =L 1 {J()} * x + s(x) @ x — }ir(2)? _(‘l‘dlé;

The multiplication of two time signals (shown by a
point operator) is separated from the convolution oper-
ation. By connecting a suitable distortion reduction
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system with the general transfer function to the trans-
ducer terminals

1£()=1(1(D) (6)
the overall system can be linearized and the following
linear equation (IDG) can be obtained:

bo@i(t)=L{J(s)}*x(2). (7)

10
By combining equations (5)—(7), the transfer function
of the distortion reduction network can be specitied:

i1(8)=[i(8)+ Ns(x)-x -+ i) Nagx)]-N(x) @®)

Since the iotal system meets the linear IDG (7), the 1

time related signal x(t) corresponding to the displace-
ment can be synthesized by a linear network (low-pass)

x(D=P{X(E)}I*i(?) ()

20
with the following transfer function

b
)

(10)
25

X(s) =

For the frequency independent, nonlinear functions
Ns(x), Na(x) and Np(x), the following relations to the

displacement varying transducer parameters can be
stated:

30
N = S (1
Nu) = — g5 g Y
bo (13)
Npx) = Bi(x)

The constant current drive of the electro-dynamic
transducer system requires an amplifier with voltage
current converter and demands additional means to
equalize the sound pressure response. However, nonlin-
ear distortion reduction is simplified. In practice, the
voltage-current conversion is made after the nonlinear 45
distortion reduction.

For a voltage drive of the transducer, the effect of
voice coil resistance R, and voice coil inductance L(X)
results in a complex nonlinear differential equation and
to a more complex distortion reduction system.

The following nonlinear equation (IDG) results from
the equivalent circuit with voltage drive:

50

Bix) @ uz() = Re@ L1 {J)} *x + R @s(x) @ x + (14)

55
dll{x)-i
B}(X) _..(_.LJQE.;._LSQ.)._ - BI(x)Z ‘é’: —
R,

By precombining a distortion reduction system with
the transfer function
uz(t)="fu(t)] (15)
65
in series to the transducer, the total system is linearized
and agrees with the following linear 1DG:

10
bo@u(H)=L{RMWI(s)+ b, *@s} *x

(16)

By combining equations (14), (15) and (16), the trans-
fer function of the distortion reduction network is de-
rived:

Au)] (17)

uy(?

dx
dt

- <u(:) + Nx) + Np(x) + Np(x) @ ir(1)? }
dliz (1) @ Ny (x)]

® Nyx) + e

Since the total system meets the linear IDG (16), the
displacement equivalent signal (161 in FIG. 204)

x()=2 -;{X(S)}*H(I) (18)

is synthesized with the support of a linear system (low-
pass) with the linear transfer function

bo
JS) @R, + 3.502

19
X0 (19)

from the undistorted input signal u(t).
The current signal iz (t) is generated by the following
nonlinear transfer function

| (20)
N{x)

Re

ir(d) = [i‘;"l )} * x + ].Ng(x)

using the ‘convolution of the displacement signal x(t)
with the linear transfer function

J(s
bo

The frequency independent, nonlinear functions N,
Nz, Np, N7 and Ngshow the following relationships to
the displacement varying transducer parameters

S(I);_. R

(22)
Ns(x) = T
R, 23)
Npfn) = — 5 SEE-, (
bo (24)
NE® =B
,‘ Bi(x)? (25)
N dX) = bO - bO:
Ni(x) = L(x) (26)

The circuits of the distortion reduction system with
current and voltage supply can be derived from the
nonlinear transfer functions (8), (17) directly. Operation
in the time domain is equivalent to the multiplication of
two time signals. The convolution with a linear transfer
function is performed by a linear system (filter). 'the
nonlinear functions are realized by nonlinear two-ports
without memory.

The distortion reduction network contains a three-
port Ds (FIG. 9) used for compensation and/or the
desired change of the displacement varying stifiness.
This three-port consists of a linear, dynamic network X
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(100), a nonlinear two-port Ng (101) without memory
and a summing element (103). The input E; (22) of the
three-port is connected to the input of the two-port X
(100). The output of the two-port X (100) (displacement
equivalent signal) is connected via the nonlinear two-
port Ns (101) with the input of the summing element
(103). The second input of the summing element (103) is
connected to the input E; (21) and the output of the
summing element is connected to the output A (25) of
the three-port Dg (99).

The distortion-reduction network (FIG. 20a) also
contains a three-port Dp (FIG. 10), which can be used
for compensation of the displacement varying BI-
product. This three-port consists of a linear, dynamic
network X, of a nonlinear two-port Np (104) without
memory and of a multiplying element (105). The first
input Ej of the three-port is connected in series via the
linear two-port X (100) and the nonlinear two-port Np
(104) to the multiplier (105) input. The second input of
the multiplier (105) is connected to the input E;. The
output of the multiplier is the output A (25) of the three-
port Dpg (102).

The distortion-reduction network contains a three-
port Dp(109) (FIG. 11), which can be used for compen-
sation and/or the desired change of the displacement
varying damping. This three-port consists of a linear,
dynamic network X (100), of a differentiator (108), of a
nonlinear two-port Np (106) without memory, of a
summing (103) and a multiplying element (107). The
‘mput E3(22) of the three-port is connected via the linear
system X with both the inputs of the nonlinear two-port
Np and the differentiator (108). The outputs of the dif-
ferentiator (108) and the nonlinear two-port Np (106)
are connected via a multiplier (107) to the first input of
the summing element (103). The second input of the
summing element is connected to the input E; (21) and
its output 1s the output A (25) of the three-port Dp.

The distortion-reduction network contains the three-
port Das (FIG. 12 or 13), which is used to compensate
for the electro-magnetic drive. This three-port consists
of a linear, dynamic network X (100), of a nonlinear
two-port Ny (110) without memory, of a squaring ele-
ment (168), a multiplying element (169) a summing
element (103) and, if driven by a voltage source, a non-
linear network (111).

If the loudspeaker is driven by a constant current
source, the input E; (22) of the three-port (FIG. 13) is
connected directly to the input of the squaring element
(168) and to the two-port X (100). The output of the
two-port X (100) 1s connected via the nonlinear two-
port Njs (110) to the input of the multiplier (169). The
output of the squarer (118) is connected to the other
multiplier input. The output of the multiplier and the
input E; (21) are summed by (103) and result in the
output A (25) of the three-port Dys (97).

If the loudspeaker is driven by a voltage source (FIG.
12), the mput signal of the squaring element (168) is
equivalent to the input current of the transducer. This is
generated with the support of a nonlinear network (111)
due to equation (20).

The distortion reduction network (FIG. 14) contains
a three-port Dy, (98) for compensation of the displace-
ment varying inductance of the transducer with voltage
drive. This three-port consists of the linear, dynamic
network X (100), of a nonlinear network (111), a differ-
entiator (112), a nonlinear two-port Nz (110) without
memory, a multiplier (109) and a summing element
(103). The mput E; (22) of the three-port is connected to
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the mput of the non-linear network (111) and via the
linear two-port X (100) to the nonlinear two-port Nz
(110). The output of the two-port Nz and the output of
the above described network (111) are connected to the
inputs of the multiplier (109). The output signal is con-
nected via the differentiator (112) to the input of the
summing element (103). The second input of (103) is
connected with the input E1 (21) and its output is con-
nected to the output A (25) of the three-port Dy, (98).

For the simultaneous compensation of the electro-
dynamic Bl-product and other transducer parameters,
the compensation three-ports are connected in series
using the input (21) and the output (25). Except for the
three-port Dz (98) used for inductance compensation,
all three-ports are connected to the input of the three-
port Dg (16 FIG. 4). The output of the inductance com-
pensating three-port Dy, (98) is connected to the trans-
ducer inputs of the loudspeaker.

The circuit structure of the compensation three-ports
directly results from the analytical structure of the
transfer function (large parentheses in 5 and 12). They
correspond with the mirror-symmetry between the
distortion reduction network (signal flow diagram in
FIG. 202) and the structure of the transducer model
(signal flow diagram FIG. 7b). The distortion caused by
displacement varying parameters can only be compen-
sated for by this sequence.

Based on the displacement of the diaphragm, not only
the electrical and mechanical parameters change, but
also the acoustical radiation conditions. The displace-
ment varies the distance between the instantaneous
diaphragm position and a fixed point in the main radia-
tion direction (on-axis) and causes Doppler distortion
(as described in G. L. Beers and H. Belar, “Frequency-
Modulation Distortion in Loudspeakers”, J. Audio
Eng. Soc., 29, page 320-326, May 1981.

'This distortion of the transducer can be compensated
by processing the electrical signal. The distortion mech-
anism is modelled, the necessary transfer function of the
distortion reduction network is derived, and the neces-
sary circuit structure is determined.

The existing sound pressure p(t) at the listening point
on axis results from convolution of the displacement
signal x(t) with the impulse response

p(t)=h(t, x(t))*x(t) (27)

where the impulse response

(28)
h(::.x(r))=ho(t— To—i"{_f)—)= }zo(r)*S(z-- Tg—ﬁ?—)

describes the radiation and propagation of the acousti-
cal signal.

The variable time delay of the signal is taken into
account. With help of the Dirac function (t), the vari-
able impulse response is split into the constant impulse
response hg(t) and into a variable signal delay expressed
by the quotient of displacement x(t) and speed of sound
c and by the mean delay time Ty.

By using the linear transfer function X(s) of the lin-
earized total system, the relation between the electrical
input signal uz(t) and the resulting sound pressure
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29)
p() = ko) * L1 {x(5)}* 8 (z - To - 5{5)—) ur ()

can be described.
By predistorting the electric input signal uz(t) by the
filter function

(30)
ur(t) = flu(®] = & (r — N + _.x_g)__j * u(t)

the varations in signal delay on axis can be compen-
sated and a linear system with the transfer function

pO=ho(*L{X(5)}* 8(z~ To— T1)*u(?) (31)
1s realized. The constant signal delay T 1s adjusted in
such a way that the distortion reduction system is cau-
sal.

The transfer function of the distortion reduction sys-
tem (FIG. 24) can be realized with a controllable signal
delay element. This element is controlled by a displace-
ment equivalent signal x(t) which is synthesized from
the electrical signal urz(t) by a linear filter with the
transfer function X(s). This correction network is de-
scribed as the three-port D7 (133 in FIG. 24). At the
input, E1 (21) is the signal u(t) and the output A (25) is
connected via the following correction three-ports to
the transducer. The control input E; (22) is connected
to the output A (25) and results in a feedback system
(see F1G. 2b). |

If there are additional nonlinear mechanisms for dis-
tortion in the electro-dynamic transducer (e.g. Bi-
product, damping, inductance), the corresponding com-
pensating three-ports (see Dp(15), D5(16), Dz(17) in
FIG. 4) must be connected in series after D7(14) to
compensate for the nonlinear distortions completely.
The resulting total distortion reduction network con-
tains two nonlinear, dynamic transfer elements (two-
port Zj and Z; m FIG. 4) connected in series. The first
transfer element Z1, represents the Doppler distortion
reduction of the acoustical system and the second ele-
ment 7o, the distortion reduction of the electromechani-
cal system. The mirror symmetry of corresponding
three-ports in the distortion reduction networks (FIG.
20a) and the transducer model (FIG. 75) is obvious.

F1G. 24 shows one possibility to realize the three-
port D7 ior reduction of Doppler distortion. The con-
trol input Es (22) of this three-port is connected to the
input of the linear filter (100) with linear transfer func-
tion X(s). The output is a displacement equivalent signal
x(t).

The mput E; (21) is connected to the input of a signal
delay element (138) with a constant delay of one clock
cycle (e.g. 20 us). With the support of two summing
elements (136,134), one subtracting element (135) and
one multiplher (137), an interpolation is done between
the delayed and the non-delayed sample based on the
instantaneous displacement x(t).

The use of sound directing elements (e.g. horns) with
compression type transducers increases the efficiency
and reduces the displacement varying distortion. Non-
Iinear flow and compression characteristics of air can
create nonlinear distortion. First, the physical mecha-
nisms shall be explained by modeling the transducer
with a horn, then the distortion reduction transfer func-
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tion and the corresponding circuit structure will be
derived.

Two main nonlinear mechanisms can be described by
the following lumped parameters. Flow resistance Z g is
dependent on the volume velocity. At low amplitudes,
the flow resistance Zg(qk) is nearly constant and deter-
mined by viscous {riction of the air. At higher ampli-
tudes of qg, turbulences occur and result in an increase
of the total flow resistance.

The second nonlinear mechanism is developed by the
compression of enclosed air. The compliance Np of the
enclosed air volumes V decreases with the increase of
pressure pp in the chamber and can be described
through the following relation:

(32)
Yo g (v + 1) Y pD
Nplp) = 28— [ b+ D m T
2
1 PD
(H" 2y )("}Tj jl

with the exponent y=1.4 for adiabatic compression and
the static air pressure po.

By transforming all acoustical and mechanical ele-
ments to the electric side, the equivalent circuit can be
derived (shown in FIG. 8). The electric resistance R,
and inductance L of the voice coil are combined to an
impedance Wi (s)

WI(S) :RE Ls.

(33)

The linear elements of the mechanic system (moving
mass m, compliance nr of the mechanic suspension,
mechanic resistance Zjs) and of the acoustic system
(resistance Zpgoy and compliance Nppoy of the enclosed
air behind the diaphragm) are combined in the complex
impedance

Wals) = (34)

(BDZ(H:-S+ HIT + zpr + Sar @ (Zﬁox-kmj)

The effect of the horn is described by the horn impe-
dance Zg at the throat transformed to an equivalent
impedance Zg in the electric equivalent system

35
ZH(S)_;_._(JEE_‘ (35)

St @ Zg(s)

In the equivalent circuit (FIG. 8), the acoustical compli-
ance Np{qp) appears as an inductance

(10537 (36)

B1@i
Np ( D

=)

dependent on current ip and split into a constant part
Lo and a varying part L(ip).

The flow resistance Zp{qx) is transformed into an
electric impedance

Lip) = = Lo + L(ip)
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- | - N (ip)=L(ip)@ip (43)
Zrug) = ~ ug@ Sy ~ Ro+ R(ug) Nr(ug)=ux@R(ux) (#9)
51 @Zx (T) R(ug)= K

dependent on a constant part Rg and a varying part
R(ug).

Based on the equivalent circuit, the following nonlin-
ear equation can be derived

ur, — LYW} * [Lip)@uk * L ~1AZ(5)H +
Lip)@ux@Rug)] — LA} * [ux@Rur)] =<
~HGHOZE) + W)OZ(HOLo + 1} * uk

(38)

with the use of the convolution operator *, the inverse
Laplace-transformation £ { }, the Laplace-operator s
and the following impedances

(39)
W(S)=3.( 28 )+ L
Fs) = L@Ws) + Wils), (40)
Z(s) = R, + z;:(s) _ (41)

By precombining a distortion reduction system with
the transfer function

ur(t)="fu(®)) (42)
the total system is linearized and the following linear
equation (IDG) is obtained:

(43)
u(?) = g —1{ Wi(5)@Z(s) + W(s)® I:Z(s).L{) + —;—:I }" u-k(t)

By combining the equations (38), (42), (43) the trans-
fer function of the nonlinear distortion reduction net-
work

ur(D=u(®)+L { () }* N4(ip(D))+ L{Fs)}*N-
R(ug(n)

(44)
1s derived. |

Because the total system (loudspeaker and distortion
reduction system) corresponds to the linear IDG (43),
the control signal Ug(t) |

ug(D=u(@)*E{¥(5)} (45)

1s synthesized from undistorted input u(t) by a linear
filter with the transfer function Y(s)

] (46)

Y(s) =
Wi @Z(s) + H(5)@ [Z(S).lo + -5-]

The current ip(t) is synthesized by a nonlinear system
with the transfer function

i) =[ug(®)*EL{Z()} 1+ Nr(ux()) 47)

The nonlinear functions of the distortion reduction

system show the following relationships to the trans-
ducer parameters
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The nonlinear transfer function of the distortion re-
duction system can be directly transferred into a circuit.
The convolution operation of a signal with an constant
transfer function (e.g. Y(s), F(s), Z(s), W(s)) corre-
sponds to a linear filter. The nonlinear functions N4(@ip)
and Ng(ug) are realized by nonlinear transfer systems
without memory. The signals are combined according
to the algebraic structure of the transfer function (31)
with summing elements and multipliers.

This results in the following structure for the three-
port D4 (116 1n FIG. 15), which performs a compensa-
tion of the nonlinear air compression. The input E; (22)
of the three-port D 4is connected via a dynamic, nonlin-
ear system (115) described by equation (38) via a nonlin-
ear clement N4 (114) without memory via a linear ele-
ment (113) with the transfer function W(s) to the input
of the summing element (103). The second input of the
summing element is connected with the input E; (21) of
the three-port D4 (116). The output of the summing
element (103) connected to the output A (25).

The three-port Dg (117 in FIG. 16), which performs
compensation of the velocity varying flow resistance,
has the following structure. The input E; (22) of the
three-port Dg (117) is connected via a linear filter (118)
with the transfer function Y(s), via nonlinear transfer
element Nz (119) without memory, via a linear filter
(120) with the transfer function F(s) to the input of the
summing element (103). The second input of the sum-
ming element is connected to the input E1 (21) of the
three-port Dg (117). The output of the summing ele-
ment (103) i1s connected to the output A (25) of the
three-port Dgr (117).

In a limited frequency range the circuit can be simpli-
fied. By using the relation:

Z(s)<W1(s) <W(s), (50)
Z(s)<Ro, (51)
ZH(s)~zg=const. (52)

the transfer function of the linear network (113) be-
comes

W(s)=s (53)

and represents a simple differentiator. The linear net-
works (120, 115, 118) with the transfer functions

Rs) = Wi(s) = R{P1(5)} = R, (54)
o=, )

56
) = Rc?' 20 °0

can be realized as frequency independent amplifiers.
The electro-dynamic receiver (microphone) also pro-
duces nonlinear distortion under high sound pressure at
low frequencies. First the physical mechanisms will be
explained by modeling the electro-dynamic sensor with
lumped electrical and mechanical elements and then the
distortion reduction network will be derived.
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The sound pressure signal p,,(t) is transformed into a
force signal F(t) through help of a diaphragm with the
surface Sps, which drives the mechanical system.

The stiffness s7(x) of the mechanic suspension and the
stiffness sp(x) of the enclosed air volumes are summed
and are split into a constant part S, and a displacement
varying part Sg(x):

s0+5G(x)=s7(x)+5p(x) (57)

The Bl-product By (x) and the total mechanical resis-
tance z7(x) are considered as displacement varying
parameters. The resistance z7(x) is split into a constant
part zg and 1nto a displacement varying part z,,(x).

All elements with constant parameters (moving mass

m, mechanic resistance zg, . . . ) are combined into the
mechanical impedance:

50 (58)
z(s)=m5+zo+-?-+...

The amplifier, which is connected to the sensor,
shows a large enough input impedance so that the resis-
tance and the induction of the voice coil can be ne-
glected.

With the use of the Laplace operators s, the inverse
Laplace transformation and the convolution, the non-
Imear equation (IDG)

dx
dt

(59)

Rty = £~ Hsz(s)} + @ z(x) + x @sc(x)

can be derived. The force F(t) is the input signal. The
output signal is the voltage uz(t) on the terminals de-
scribed_ by

ur(l) = -2~ @ Bi(x) ()

By connecting a distortion reduction system with the
transfer function
u(t)=F(uz(t)) (61)

to the terminals of the transducer, the transfer function

of the total system is linearized and the following linear
equation is satisfied:

(62)
bo

z(s)

u() = K@) *< "1{

By combining equations ((59))—((62)), the transfer
function of the nonlinear distortion reduction network

(63)
u()) = up®) + L ~HQ(} * [uso Nz (EE—-I{ - }' HB}:-

NSE(&P—I{%}: B)]

] (64)
ZAs)

with

Xs)
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-continued

up = Npg (9‘“1{—;— }* uy (1) )

1s derived.
The nonlinear functions without memory show the
following relationship to the sensor parameters

(63)

Neg SG(xiO. X (66)
Npp = zmbi}x) (67)
b (68)

NSE = BNy

where the auxiliary function N¢(x) meets the following
relation
AN £x) (69)

Bi(Nyfx)) @ —

=1

The nonlinear transfer function of the distortion re-
duction system can be directly transformed into a cir-
cuit. This circuit consists of two nonlinear, dynamic
two-ports Z3 (3) and Z3(6) connected in series (see FIG.
5). The two-port Z; (5), connected to the amplifier’s
output (7), comprises the three-port Dpg (171) for com-
pensation of the varying Bl-product. The two-port Z3
(6), which i1s connected to the output of the three-port
D pg, comprises the three-ports Dsg(172) and Dpg(173)
tor the compensation of displacement varying damping
and stiffness.

The elements of the three-port Dgg (132) for the
compensation of varying Bi-product is shown in FIG.
19. The input Eg(22) of the three-port is connected via
a linear system (integration element 129) and via a non-
linear transfer element Npg (130) without memory to
the input of the multiplier (131). The input E; (21) is
connected to the other multiplier input. The output of
the multiplier (131) is connected to the output A (25) of
the three-port Dpr (132).

The three-port Dsg (124 in FIG. 17) compensates for
the displacement varying stiffness of the suspension.
The input Ey (22) of the three-port Dggis connected via
an integration element (123), via a nonlinear transfer
element Ngg (122) without memory and via a linear
two-port Q (121) to the input of a summing element
(103). The input E; (21) is connected to the second input
of the summing element and the output of (103) is con-
nected to the output A (25) of the three-port Dgsk.

The three-port Dpg (125 in FIG. 18) compensates for
the displacement varying damping. The input E3 (22) of
the three-port is connected both to the first input of the
multiplier (107) directly and via an linear system (inte-
gration element 126) and via nonlinear transfer element
Npg (128) without memory to the second input of the
multiplier (107). The output of the multiplier is con-
nected via a linear two-port Q (121) to the input of an
summing element (103). The input E (21) is connected
to the second input of the summing element (103) and
the output of the summing element (103) is connected to
the output A (25) of the three-port Dpg (125).

In case of an electrostatic sensor (condenser micro-
phone), nonlinear distortion in the signal is caused by
several elements. Additional capacity C, switched in
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parallel to the measuring capacity Cy, the electric at-
traction force, the compliance of the suspension, and
the enclosed air, all of which vary with displacement.

These relatively small nonlinearities can also be com-
pensated by a distortion reduction network. The dia-
phragm with the surface Sjstransforms the sound pres-
sure signal pn(t) into a force signal F(t). Since the mov-
ing mass can be neglected in the frequency range of
interest, this force works against the total stiffness of
diaphragm suspension.

The total stiffness takes into account the stiffness of
the diaphragm s7(x), the stiffness of enclosed air sgp(x)
and the effect of the electrical attraction force. With
respect to nonlinear distortion reduction, the total stiff-
ness is split into a constant part s, and into varying part

SG{X):-

so+5G(x)=s7(x) +sp(X)+54(x, Up)- (70

A polarization voltage Ug is applied between the
diaphragm and the counter-electrode of the electro-
static sensor. The high input impedance of the amplifi-
ers provides a constant charge at the electrodes. How-
ever, there is a charge flow between the displacement
varying capacity Cy (diaphragm and counter electrode)
and additional constant parallel capacity Cpdue to the
design. This results in a nonlinear relation between
displacement x(t) and output voltage

(71)

By connecting a distortion reduction system with the
transfer function

u(t)={{ur(t)) (72)
in series to the microphone, the total system can be
hnearized and the following transfer function is ob-
tained:

Uo@F() (73)
A N
By combining equations (60)-(62), the transfer of the
nonlinear distortion reduction network

Uo@x 7
u(f) = Nx(uz(2)) = BT (1 + Scfﬂx) )
with
(75)
Up

RS S

can be derived. The distortion reduction network is a
nonlinear two-port without memory (independent of
frequency).

After deriving the circuit structures of nonlinear
distortion reduction networks for different electro-
acoustic transducers, the problem of fitting the distor-
tion reduction network to the transducer is solved.

According to the invention, linear and nonlinear ele-
ment parameters of the nonlinear distortion reduction
system can be changed by control signals. After param-

ur(n
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eter adjustment, optimal values for the control elements
are stored. During the adjustment procedure, an addi-
tional adjustment system (shown in FIG. 22) is acti-
vated. It contains a generator (75) to produce an excita-
tion signal, a sensor (3) and an analyzer (76) to measure
a signal at the transducer (2) and to determine the opti-
mal control signals for parameter adjustment. The ad-

justment system can be realized as a feed forward or a

feed back system.

In a feed forward adjustment system, the transducer
is directly connected with the signal generator. When
the transducer 1s driven with a special excitation signal,
an acoustical, mechanical, or an electrical signal is mea-
sured at the transducer. Direct measurement of dis-
placement or of the sound pressure in the near field
requires an additional sensor. The measured transfer
behavior of the transducer provides the linear and non-
linear parameters, and they are transformed into the
appropriate parameters of the distortion reduction sys-
tem. After the parameter adjustment, the distortion
reduction system is connected to the transducer. High
accuracy 1s required in the parameter measurement
separated from parameter adjustment.

The adjustment system also can be realized as a feed
back system. (as shown in FIG. 22). In this system, the
distortion reduction system (1) is switched between
generator (75) and transducer (2). The measuring signal
picked up with sensor (3) is fed back via an analyzer (76)
to control mputs (39,40,41) of the adjustable distortion
reduction elements.

At the beginning of the adjustment, the main control
system (89) disconnects the input of the distortion re-
duction system (1) from the external signal source (31)
and connects it with the generator (75). When the con-
trol signals reach a steady state and the total system
distortion is minimized, the adjustment is finished. The
signal input is reconnected to the external signal source.

The analyzer derives the control signals (39,40,41)
from the measured transfer behavior by performing a
spectral or correlation analysis. Using correlation analy-
sis, the measuring signal is correlated with a distortion
signal synthesized from the excitation signal by a non-
hinear system which corresponds to the transducer
model. Frequency and phase are of importance for the
correlation analysis, not amplitude.

The parameter adjustment is performed at different
amplitudes of excitation signals to achieve good com-
pensation over the range of small to large signals.

The invention shall be explained in detail as follows
with the help of an executed example and the FIGS. 20,
21, 22 and 23. A simple example was chosen for reasons
of clarity. The principle is transferrable to transducers
with more nonlinear mechanisms.

An electro-dynamic transducer (2), which is mounted
in a closed box, is supplied with constant current. Since
the varying Bl-product is the dominant distortion
mechanism for this loudspeaker, only one nonlinear
transducer parameter requires compensation. The ap-
propriate distortion reduction network is shown in
FIG. 206. It corrects the Bl-product, the stiffness of
suspension and the damping of the transducer. The
network comprises a linear filter X (34) with second
order low-pass characteristic, a differentiator s (36),
three nonlinear two ports Ns (35), N (38), Np (37)
without memory, three multipliers (33,28,95) and two
summing elements (29, 30).
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The mput of the summing element (30) and the input
of the low-pass X (34) are connected to the input (31) of
the distortion reduction network. The displacement
equivalent signal x(t) at the output of the low-pass X
(34) 1s connected to all inputs of the nonlinear two-ports
(35,37,38), to the differentiator (36) and to one input of
the multiplier (95). The second input of the multiplier
(95) 1s connected to the output of the nonlinear two-
port Ng(35). The output of the multiplier (95) is summed
with the undistorted input signal at summing element
(30). The output of the differentiator (36) and the output
of the nonlinear two-port Np (37) are multiplied at (33)
and the result is added to the output of summing ele-
ment of (30). The output of the two-port Np (38) is
multiplied with the output of the summing element (29)
and supplied via an amplifier (7) with constant current
supply to the loudspeaker.

The linear network X (34) can be realized as an active
RC-filter. Its loss factor and resonance frequency are
adjusted to match the desired values of the total system
(transducer with filter). The response of the low-pass
X(s) must be identical to the total arrangement to permit
the correct function of the nonlinear distortion reduc-
tion system. The adjustment of the linear behavior is
performed by the three-ports Dp and Dgs. Insertion of

an constant value into the correction functions N and
Np(x) of the nonlinear elements (35) and (37), the loss

factor and resonance frequency of the transducer can be
virtually shifted. Since the transducer in this example
does not show stiffness and suspension nonlinearities, no
variable value is required for Ns(x) and Np(x). The
nonlinear function Na(x) of the two-port (38) must be fit
to the transducer.

The nonlinear two-ports (35, 37, 38) are configured as
shown i FIG. 21 using a parallel circuit of single
branches to realize the terms of a power series. Each
branch uses multiplying elements (57,58,59) to generate
its term for the required power series. The coefficients
are realized by voltage controlled amplifiers (VCA)
(60,62,63). The branches (terms) are summed by sum-
ming elements (53,54,55,56) and result in the output
signal (64). Coefficient modification by a VCA allows

an approximation of the required correction curve.

Storage elements (48,49,50,51,52) are connected be-
tween the control inputs and the VCA,, which store the
optimum control value after the parameter fitting. The
control voltages of the linear branch (49,60) and of the
cubic branch (51,58,62) change the asymmetry of the
correction curve. The even order terms are responsible
for the symmetric variation of the correction curve.

The even and odd control lines (40, 41) are connected
at switches (44,45) to the second or fourth order and
first or third order respectively. They are simulta-
neously switched from the main control circuit (89) via
a relay (43). The coefficients of the linear (48) and sec-
ond order (50) branches are optimized for small signals.
At mgher signal levels the higher order terms are ad-
Justed by switching control lines (40, 41) to the third-
and fourth-order branches.

Referning to FIG. 23, the adjustment system utilizes
two signal generators (65,66), which create a sinusoidal
signal close to the resonance frequency and a second
tone at higher frequency. Both tones are mixed in the
summing element (67) and transferred to the distortion-
reduction network (1) via a voltage controlled amplifier
(91) and switch (87). The main control block (89) con-
trols this operation during the fitting via the relay (88)
and after the fitting switches back to the external signal
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mput (93). The distortion-reduction network (1) is con-
nected to the transducer (2) via a DC coupled amplifier
with voltage-current converter (7).

During the fitting process the sound pressure is mea-
sured close to the loudspeaker by a microphone (3). The
microphone signal is transferred to the analyzer (76).
The analyzer contains a correlator for each parameter
requiring adjustment. The correlators are constructed
of a multiphier (77,78,79,80) and a postconnected low-
pass filter (81,82,83,84). One of the correlator inputs
receives the microphone signal, the other input receives
a reference distortion signal derived from the signal
generators. The amplitude of the reference signals is
arbitrary and does not carry any informative value. The
irequency and phase of the reference signals are com-
pared with the fundamental, harmonic and intermodula-
tion components of the microphone signal.

The reference signals R{fi) and R(f) at the inputs of
the multipliers (77, 78) are synthesized by linear filters
(68, 89) with the transfer function X(s).

The reference signal R(f1) is multiplied with the mi-
crophone signal at the correlator (77,81) and the output
signal is transferred via a differentiator (85) to the con-
trol mput (39) of the nonlinear two-port for stiffness
compensation.

The reference signal R(f2) is multiplied with the mi-
crophone signal at the correlator (78,82) and the output
signal 1s transferred via the differentiator (86) to the
control mput of the nonlinear two-port for damping
compensation.

The constant values for the nonlinear two-ports Ng
and Np are determined by maximizing the output sig-
nals at the correlators (81, 82). The linear behavior of
the total system (loss factor and the resonance fre-
quency) is adjusted to the predetermined values of the
linear filter X(s) (34, 68, 89).

The reference signals R(f14-12) and R(2*f1-+12) are
synthesized by a model of the nonlinear transducer.

The signals f1 and f2 are transferred through linear
filters X (68,89), then multiplied in the multiplier (72)
with each other and then again filtered through the
linear transfer function of the transducer (74). The re-
sulting reference signal R(f1+-12) is equal in phase and
frequency to the intermodulation caused by asymmetry
in the Bl-product curve (Klippel, W., Dynamic Mea-
surement of Nonlinear Parameters of Electro-dynamic
Loudspeakers and Their Interpretation, 88 Cony. of the
Audio Eng.Soc., March 1990, preprint 2903. The refer-
ence signal R(2*f14-12) is synthesized by multiplying
the signal {2 with the squared signal f1 at (70, 71).

The output signals (71, 72) are linearly filtered (73,
74) with the transfer function of the low-pass X.

The reference signal R(f1-f2) is correlated with the
microphone signal (79,83), then is transferred to the
asymmetric control input (40) of the nonlinear two-port
Np for Bl-product compensation. The reference signal
R(2f1+13) is correlated with the microphone signal
(80,84), then is transferred to the symmetric input (41)
of the nonlinear two-port Np.

The correction curve shape is modified when the
intermodulation products of second and third order are
reduced and the output signal of the integrating ele-
ments (83) and (84) approaches zero. The sign of the
correlation output shows an over- or under compensa-
tion of the distortion reduction network, and results in
decreasing or increasing of control signal at (40, 41).

After starting the fitting process, the main control
system (89) connects the input (31) of the distortion
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reduction system to the generator (75) and activates the
lowest amplitude of the excitation signal via the voltage
controlled amplifier (91). It then starts fitting the con-
stants into the nonlinear functions Np(x) and Np(x) are
stored the optimum control values in (48). At the same
time coefficients for the linear and second order
branches of the two-port Np are changed and the opti-
mum voltage in the retaining circuits (49,50) are stored.
When the system reaches steady state, the main control
system (89) activates higher order branches in the two-
port Np by switching (44,45). The amplitude of the
excitation signal is increased to determine the optimum
values for (51,52). The constant values of the two-ports
Ns and Np stored in (48) are not changed. The main
control system deactivates the generator (75) and con-
nects the input of the distortion reduction network (31)
to the external signal input (93).

I claim:

1. A network for the correction of linear and nonlin-
ear transfer characteristics of electro-acoustic transduc-
ers over the complete dynamic range of small and large
input signal amplitudes comprising:

an electro-acoustic transducer having an input;

a distortion reduction system with nonlinear transfer
characteristics that are inverse to the same nonlin-
ear transfer characteristics of the transducer and
being connected to the input of said transducer;

said distortion reduction system consisting of at least
two two-port distortion reduction circuits con-
nected in series with each other containing prede-
termined elements to correct predetermined types
of distortion, said system having an input for re-
ceiving said input signal amplitudes and generating
an output to the input of said transducer;

each of said two-port distortion reduction circuits
containing at least one three-port circuit as said
predetermined elements, each of said three-port
circuits having first and second inputs and an out-
put;

said distortion reduction system containing adjustable
control elements coupled to each of said two-port
distortion reduction circuits to correct distortion
using said nonlinear transfer characteristics that are
inverse to those same characteristics of the trans-
ducer; and

wherein the transfer characteristics of each of said
two-port distortion reduction circuits adjusts said
input signals such that the output of said distortion
reduction system provides an input to the trans-
ducer to compensate for the nonlinear behavior of
the electro-acoustic transducer.

2. The network according to claim 1 wherein a plu-
rality of said three-port circuits are contained in at least
one of said two-port distortion reduction circuits and
are connected 1n a feedback arrangement.

3. The network according to claim 2 wherein:

the first input of the first one of said plurality of three-
port circuits is connected as the input of the two-
port distortion reduction circuit;

the output of the first three-port circuit is connected
to the first input of a second following three-port
circuit;

at least one additional three-port circuit being con-
nected in the same manner as the first and second
three-port circuits resulting in a series connection
of all of said three-port circuits;
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the output of the last one of the plurality of three-port
circuits 1s connected as the output of the two-port
distortion reduction circuit; and

the second input of all of the plurality of three-port
circuits in each of said two-port distortion reduc-
tion circuits 1S connected to the output of a respec-
tive two-port distortion reduction circuit to pro-
vide a feedback signal path.

4. The network according to claim 1 wherein a plu-
rality of series connected three-port circuits are con-
tained 1 at least one of said two-port distortion circuits
and are connected 1n a feed forward arrangement.

5. The network of claim 4 wherein:

the first input of a first three-port circuit forms the
input of the two-port distortion reduction circuit;

the output of the first three-port circuit is connected
to the first input of the succeeding three-port cir-
cuit;

at least one additional three-port circuit being con-
nected in the same manner as said first and second
three-port circuits, resulting in a series connection
of all three-port circuits;

the output of the last three-port circuit being con-
nected as the output of the two-port distortion
reduction circuit; and |

the second input of all three-port circuits being con-
nected to the input of the two-port distortion re-
duction circuit to form said feed forward arrange-
ment.

6. The network according to claim 1 wherein the

three-port circuit 1s comprised of:

a linear two-port dynamic distortion reduction circuit
and a nonlinear two-port distortion reduction cir-
cuit without memory, 1n series;

the input of the linear two-port distortion reduction
circuit forming the first input of the three-port
circuit;

a summing element having first and second inputs and
an output;

the output of the nonlinear two-port distortion reduc-
tion circuit connected as a first input to said sum-
ming clement;

the second mput of the three-port circuit being con-
nected to the second input of said summing ele-
ment; and

the output of the summing element forming the out-
put of the three-port circuit.

7. The network according to claim 1 wherein said
three-port circuit compensates for the displacement
varying Bl-product and 1s comprised of:

a linear two-port dynamic distortion reduction circuit
and a nonlinear two-port distortion reduction cir-
cuit without memory, in series; -

the mput of the linear two-port distortion reduction
circuit being connected as the first input of the
three-port circuit;

a multiplying element having first and second inputs
and an output;

the output of the nonlinear two-port distortion reduc-
tion circuit being connected to said first input of
sald multiplying element;

the second input of the three-port circuit connected
to the second input of the combining element; and

the output of the combining element forming the
output of the three-port circuit.

8. The network according to claim 1 for compensat-

ing for the displacement varying damping of a woofer
system wherein the three-port circuit is comprised of:
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a first linear two-port distortion reduction circuit
whose input forms the first input of said three-port
circuit:

a multiphier having first and second inputs and an
output;

a second linear two-port distortion reduction circuit;

a nonlinear two-port distortion reduction circuit
without memory and having an input and an out-
put;

the output of said first linear two-port distortion re-
duction circuit bemng connected to the input of said
second linear two-port distortion reduction circuit
and to the input of said nonlinear two-port distor-
tion reduction circuit:

the output of said nonlinear two-port distortion re-
duction circuit without memory being coupled to
the first input of said multipler;

the output of said nonlinear two-port distortion re-
duction circuit without memory being connected
to said second input of said multiplier;

a summing element having first and second inputs and
an output;

the output of said multiplier being connected to the
first input of said summing element;

the second input of said three-port circuit being con-
nected to said second input of said summing ele-
ment; and

said output of said summing element forming said
output of said three-port circuit.

9. The network according to claim 1 for compensat-
Ing for the electromagnetic attraction force of a woofer
system driven by a voltage source and wherein said
three-port circuit comprises:

a first linear two-port distortion reduction circuit
having an input and an output and whose input
forms said first input of the three-port circuit;

a first nonlinear two-port distortion reduction circuit
having an input and an output;

a squaring element having first and second inputs and
an output;

said input to the three-port circuit being also con-
nected to the input of said first nonlinear two-port
distortion reduction circuit whose output is cou-
pled to both said first and second inpuis of said
squaring element;

a multipher having first and second inputs and an
output;

said output of said squaring element being connected
to said first input of said multiplier;

a second nonlinear two-port distortion reductio
circuit; |
the output of said first linear two-port distortion re-
duction circuit being connected via said second
noniinear two-port distortion reduction circuit to

sald second input of said multiplier;

a summing element having first and second inputs and
an output;

the output of said multiplier being connected to said
first input of said summing element;

the second input of said three-port circuit being con-
nected to said second input of said summing ele-
ment; and

said output of said summing element forming said
output of said three-port circuit.

10. The network according to claim 1 for compensat-
g for the electromagnetic attraction force of a woofer
system driven by a current source wherein said three-
port circuit 18 comprised of:
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a linear two-port distortion reduction circuit and
having an input and an output and whose input
forms said first input of said three-port circuit;

a squaring element having first and second inputs and
an output;

sald first input of said three-port circuit also being
directly connected to both said first and second
inputs of said squaring element;

a multiplier having first and second inputs and an
output;

said output of said squaring element being connected
to said first input of said multiplier;

a nonlinear two-port distortion reduction circuit
without memory having an input and an output;
said output of said linear two-port distortion reduc-
tion circuit being connected via said nonlinear
two-port distortion reduction circuit to said second

mput of said multiplier;

a summing element having first and second inputs and
an output;

- the output of said multiplier being connected to said
first mput of said summing element;

said second input of said three-port circuit being con-
nected to said second input of summing element;
and

said output of said summing element forming said
output of said three-port circuit.

11. The network according to claim 1 for compensat-
ing for the displacement varying damping of an electro-
dynamic microphone wherein said three-port circuit is
comprised of:

a linear two-port integrating element having an input
and an output and whose input is connected as the
first input of said three-port circuit;

a multiplying element having first and second inputs
and an output;

said first mput of the three-port circuit also being
connected directly to said first input of said multi-
plying element;

a nonlinear two-port distortion reduction circuit
without memory and having an input and an out-
put;

said output of said linear two-port integrating ele-
ment being connected via said nonlinear two-port
distortion reduction circuit without memory to
said second input of said multiplying element;

a linear transfer two-port element having an input and
an output;

a summing element having first and second inputs and
an output,;

the output of said multiplier being connected via said
linear transfer two-port element to said first input
of said summing element;

said second input of said three-port circuit being con-
nected to said second input of said summing ele-
ment; and

said output of said summing element forming said
output of said three-port circuit.

12. The network according to claim 1 for compensat-

60 1ng for displacement varying inductance of a woofer

63

system wherein said three-port circuit is comprised of:
a first linear tramsfer two-port distortion reduction
circuit having an mput and an output and with the
input being said first input of said three-port circuit;
a first nonlinear synthesizing two-port distortion re-
duction circuit having an input and an output;
a multiplying element having first and second inputs
and an output;
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said input of said three-port circuit also being con-
nected via said first nonlinear synthesizing two-
port distortion reduction circuit to said first input
of said multiplying element;

a second nonlinear two-port distortion reduction 3
circuit without memory having an input and an
output;

the output of said first linear transfer two-port distor-
tion reduction circuit being connected via said
second nonlinear two-port distortion reduction
circuit without memory to said second input of said
multiplying element;

a second hnear transfer two-port distortion reduction
circuit having an input and an output;

a summing element having first and second inputs and
an output;

the output of said multiplying element being con-
nected via said second linear transfer two-port
distortion reduction circuit to said first input of said
summing element;

said second input of said three-port circuit being con-
nected to said second input of said summing ele-
ment; and

said output of said summing element forming said
output of said three-port circuit.

13. The network according to claim 1 for compensat-
ing for nonlinear air compression in sound directing
elements wherein said three-port circuit is comprised of?:

a dynamic two-port distortion reduction circuit and
having an input and an output, said input forming
said input of said three-port circuit;

a nonlinear two-port distortion reduction circuit
without memory having an input connected to said
output of said dynamic two-port distortion reduc-
tion circuit and an output;

a linear transfer two-port distortion reduction circuit
having an input coupled to the output of said non-
linear two-port distortion reduction circuit;

a summing element having first and second inputs and
an output, said first input of said summing element
being coupled to the output of said linear transfer
two-port distortion reduction circuit;

the second input of said three-port circuit being con-
nected to said second input of said summing ele-
ment: and

said output of said summing element forming said
output of said three-port circuit.

14. The network according to claim 1 for compensat-
ing for the varying flow resistance due to turbulence
and sound directing elements wherein said three-port
circuit 1s comprised of:

a first linear transfer two-port distortion reduction
circuit having an input forming the first input of 55
said three-port circuit and an output;

a nonlinear two-port distortion reduction circuit
without memory having an input coupled to the
output of said first linear transfer two-port distor-
tion reduction circuit and an output;

a second linear transfer two-port distortion reduction
circuit having an input coupled to said output of
sald nonlinear two-port distortion reduction circuit
and an output;

a summing element having first and second inputs and 65
an output, said first output of said summing element
being connected to the output of said second linear
transfer two-port distortion reduction circuit;
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sald second input of said summing element being
connected to said second input of said three-port
circuit; and

said output of said summing element forming said
output of said three-port circuit.

15. The network according to claim 1 for compensat-
ing for the displacement varying stiffness of an electro-
magnetic microphone wherein said three-port circuit is
comprised of:

an integration two-port distortion reduction circuit
having an input and an output and whose input
forms said first input of said three-port circuit;

a nonlinear two-port distortion reduction circuit
without memory and having an input and an out-
put; *

the output of said integration two-port distortion
reduction circuit being connected to said input of
satd nonlinear two-port distortion reduction circuit
without memory:;

a linear transfer two-port distortion reduction circuit
having an input and an output;

said output of said nonlinear two-port distortion re-
duction circuit without memory being connected
to said mput of said linear transfer two-port distor-
tion reduction circuit;

a summing element having first and second inputs and
an output;

the output of said linear transfer two-port distortion
reduction circuit being connected to said first input
of said summing elements:

the second input of the summing element being con-
nected to said second imput of said three-port cir-
cuit; and '

the output of said summing element forming the out-
put of said three-port circuit.

16. The network according to claim 1 for compensat-
ing for the displacement varying Bl-product of an elec-
tro-dynamic microphone wherein said three-port cir-
cuit 18 comprised of:

an Integrating two-port distortion reduction circuit
having an input and an output and whose input
forms said first input of said three-port circuit;

a nonlinear two-port distortion reduction circuit
without memory and having an input and an out-
put;

sald output of said integrating two-port distortion
reduction circuit being connected to the input of

- said nonlinear two-port distortion reduction circuit
without memory;

a multiplying element having first and second inputs
and an output;

the output of said nonlinear two-port distortion re-
duction circuit without memory being connected
to said first input of said multiplying element;

the second mput of said muitiplying element forming
said second mput to said three-port circuit; and

said output of said multiplying element forming the
output of said three-port circuit.

17. The network of claim 1 wherein said three-port

circuit is comprised of:

a nonlinear two-port distortion reduction circuit
without memory and having an input and an out-
put, said nonlinear two-port circuit input forming
said first input of the three-port circuit; and |

a combining element without memory and having
first and second inputs and an output, said combin-
ing element combining said second input to said
three-port circuit with said output of said nonlinear
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two-port distortion reduction circuit without mem-
ory into the output signal of the three-port circuit
by use of a mathematical operation.

18. The network of claam 17 wherein the two-port
distortion reduction circuit is comprised of a combina-
tion of linear two-port distortion reduction circuits,
nonlinear two-port distortion reduction circuit without
memory and combining elements without memory.

19. A network for the correction of linear and nonlin-
ear transier charactenstics of electro-acoustic transduc-
ers over the complete dynamic range of small and large
input signal amplitudes comprising:

an electro-acoustic transducer having an input;

a distortion reduction system with nonlinear transfer
characteristics that are inverse to the same nonlin-
ear transfer characteristics of the transducer and
being connected to the input of said transducer;

said distortion reduction system consisting of at least
one two-port distortion reduction circuit contain-
ing predetermined means to correct predetermined
types of distortion and having an input for receiv-
g said mput signal amplitudes and generating an
output to the input of said transducer;

each of said two-port distortion reduction circuits
containing at least one three-port circuit with feed-
back as said predetermined means, each of said
three-port circuits having first and second inputs
and an output;

said distortion reduction system containing adjustable
control elements coupled to each of said two-port
distortion reduction circuits to correct distortion
using said nonlinear transfer characteristics that are
inverse to those same characteristics of the trans-
ducer; and

wherein the transfer characteristics of each of said
two-port distortion reduction circuits adjusts said
input signals such that the output of said distortion
reduction system provides an input to the trans-
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the electro-acoustic transducer.

20. The network of claim 19 wherein:

each of said two-port distortion reduction circuits
comprises a plurality of three-port circuits ar-
ranged with feedback;

the first input of the first one of said plurality of three-
port circuits forms the input of the two-port distor-
tion reduction circuit;

the output of the first three-port circuit is connected
to the first mput of a second following three-port
circuit;

at least one additional three-port circuit being con-
nected in the same manner as the first and second
three-port circuits resulting in a series connection
of all of said three-port circuits:

the output of the last one of said plurality of three-
port circuits forming the output of the two-port
distortion reduction circuit; and

the second input of all of said plurality of three-port
circuits being connected to the output of the two-
port distortion reduction circuit to provide a feed-
back signal path.

21. The network according to claim 19 wherein the

three-port circuit is comprised of:

a linear two-port dynamic distortion reduction circuit
and a nonlinear two-port distortion reduction cir-
cuit without memory, in series;
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the mput of the linear two-port distortion reduction
circuit forming the first input of the three-port
circuit;

a summing element having first and a second inputs
and an output;

the output of the nonlinear two-port distortion reduc-
tion circuit being connected to the first input of
sald summing element;

the second input of the three-port circuit being con-
nected to the second input of the summing element;
and

the output of the summing element forming said out-
put of the three-port circuit.

22. The network according to claim 19 wherein the

three-port circuit compensates for the displacement
varying Bl-product and is comprised of:

a linear two-port dynamic distortion reduction circuit
and a nonlinear two-port distortion reduction cir-
cuit without memory, in series;

the input of the linear two-port distortion reduction
circuit forming the first input of the three-port
circuit;

a multiplying element having first and second inputs
and an output;

the output of the nonlinear two-port distortion reduc-
tion circuit being connected to said first input of
said multiplying element;

the second input of said three-port circuit being con-
nected to the second input of said combining ele-
ment; and

the output of said combining element forming the
output of the three-port circuit.

23. The network according to claim 19 for compen-

sating for the displacement varying damping of a
woofer system wherein the three-port circuit is com-
prised of:

a first linear two-port distortion reduction circuit
whose mput forms the first input of said three-port
circuit;

a multiplier having first and second inputs and an
output;

a second linear two-port distortion reduction circuit;

a nonlinear two-port distortion reduction circuit
without memory and having an input and an out-
put;

the output of said first linear two-port distortion re-
duction circuit being connected to the input of said
second linear two-port distortion reduction circuit
and to the input of said nonlinear two-port distor-
tion reduction circuit;

the output of said nonlinear two-port distortion re-
duction circuit without memory being coupled to
the first mnput of said multiplier;

the output of said nonlinear two-port distortion re-
duction circuit without memory being connected
to said second input of said multiplier;

a summing element having first and second inputs and
an output;

the output of said multiplier being connected o the
first input of said summing element;

the second input of said three-port circuit being con-
nected to said second input of said summing ele-
ment; and

said output of said summing element forming said
output of said three-port circuit.

24. The network according to claim 19 for compen-

sating for the electromagnetic attraction force of a
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woofer system driven by a voitage source and wherein
the three-port circuit is comprised of:

a first linear two-port distortion reduction circuit
having an input and an output and whose input
forms said first input of the three-port circuit;

a first nonlinear two-port distortion reduction circuit
having an input and an output;

a squaring element having first and second inputs and
an output;

said input to the three-port circuit being also con-
nected to the input of said first nonlinear two-port
distortion reduction circuit whose output is cou-
pled to both said first and second inputs of said
squaring element;

a multiplier having first and second inputs and an
output;

said output of said squaring element being connected
to said first input of said multiplier;

a second nonlinear two-port distortion reduction
circuif;

the output of said first linear two-port distortion re-
duction circuit being connected via said second
nonlinear two-port distortion reduction circuit to
said second input of said multiplier;

a summing element having first and second inputs and
an output;

the output of said multiplier being connected to said
first input of said summing element;

the second input of said three-port circuit being con-
nected to said second input of said summing ele-
ment; and

said output of said summing element forming said
output of said three-port circuit.

25. The network according to claim 19 for compen-
sating for the electromagnetic attraction force of a
woofer system driven by a current source wherein said
three-port circuit is comprised of:

a linear two-port distortion reduction circuit and
having an input and an output and whose input
forms said first input of said three-port circuit;

a squaring element having first and second inputs and
an output;

said first input of said three-port circuit also being
directly connected to both said first and second
mputs of said squaring element;

a multiplier having first and second inputs and an
output;

said output of said squaring element being connected
to said first input of said multiplier;

a nonlinear two-port distortion reduction circuit
without memory having an input and an output;

said output of said linear two-port distortion reduc-
tion circuit being connected via said nonlinear
two-port distortion reduction circuit to said second
input of said multiplier;

a summing element having first and second inputs and
an output; |

the output of said multiplier being connected to said
first input of said summing element;

said second input of said three-port circuit being con-
nected to said second input of summing element;
and

said output of said summing element forming said
output of said three-port circuit.

26. The network according to claim 19 for compen-
sating for the displacement varying damping of an elec-
tro-dynamic microphone wherein said three-port cir-
cuit 1s comprised of:
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a lmear two-port integrating element having an input
and an output and whose input is connected as the
first input of said three-port circuit;

a multiplying element having first and second inputs
and an output;

said first input of the three-port circuit also being
connected directly to said first input of said multi-
plying element;

a nonlinear two-port distortion reduction circuit
without memory and having an input and an out-
put;

said output of said linear two-port integrating ele-
ment being connected via said nonlinear two-port
distortion reduction circuit without memory to
said second input of said multiplying element;

a linear transfer two-port element having an input and
an output;

a summing element having first and second inputs and
an output;

the output of said multiplier being connected via said
linear transfer two-port element to said first input
of said summing element;

sald second input of said three-port circuit being con-
nected to said second input of said summing ele-
ment:; and

sald output of said summing element forming said
output of said three-port circuit.

27. The network according to claim 19 for compen-
sating for displacement varying inductance of a woofer
systemm wherein said three-port circuit is comprised of:

a first linear transfer two-port distortion reduction
circuit having an input and an output and with the
mnput being said first input of said three-port circuit;

a first nonlinear synthesizing two-port distortion re-
duction circuit having an input and an output;

a multiplying element having first and second inputs
and an output;

said mput of said three-port circuit also being con-
nected via said first nonlinear synthesizing two-
port distortion reduction circuit to said first input
of said multiplying element;

a second nonlinear two-port distortion reduction
circuit without memory having an input and an
output;

the output of said first linear transfer two-port distor-
tion reduction circuit being connected via said
second nonlinear two-port distortion reduction
circuit without memory to said second input of said
multiplying element;

a second linear transfer two-port distortion reduction
circuit having an input and an output;

a summing element having first and second inputs and
an output;

the output of said multiplying element being con-
nected via said second linear transfer two-port
distortion reduction circuit to said first input of said
summing element;

said second input of said three-port circuit being con-
nected to said second input of said summing ele-
ment; and * |

said output of said summing element forming said
output of said three-port circuit.

28. The network according to claim 19 for compen-
sating for nonlinear air compression in sound directing
elements wherein said three-port circuit is comprised of:

a dynamic two-port distortion reduction circuit and
having an input and an output, said input forming
said mput of said three-port circuit;
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a nonlinear two-port distortion reduction circuit
without memory having an input connected to said
output of said dynamic two-port distortion reduc-
tion circuit and an output;

a linear transfer two-port distortion reduction circuit
having an input coupled to the output of said non-
linear two-port distortion reduction circuit;

a summing element having first and second inputs and
an output, said first input of said summing element
being coupled to the output of said linear transfer
two-port distortion reduction circuit;

the second input of said three-port circuit being con-
nected to said second input of said summing ele-
ment; and

said output of said summing element forming said
output of said three-port circuit.

29. The network according to claim 19 for compen-
sating for the varying flow resistance due to turbulence
and sound directing elements wherein said three-port
circuit 1s comprised of:

a first linear transfer two-port distortion reduction
circuit having an input forming the first input of
said three-port circuit and an output; -

a nonlinear two-port distortion reduction circuit
without memory having an input coupled to the
output of said first linear transfer two-port distor-
tion reduction circuit and an output;

a second linear transfer two-port distortion reduction
circuit having an input coupled to said output of
said nonlinear two-port distortion reduction circuit
and an output;

a summing element having first and second inputs and
an output, said first output of said summing element
being connected to the output of said second linear
transfer two-port distortion reduction circuit;

said second input of said summing element being
connected to said second input of said three-port
circuit; and

said output of saild summing element forming said
output of said three-port circuit.

30. The network according to claim 19 for compen-
sating for the displacement varying stiffness of an elec-
tromagnetic microphone wherein said three-port circuit
1s comprised of:

an integration two-port distortion reduction circuit
having an mput and an output and whose input
forms said first input of said three-port circuit;

a nonlinear two-port distortion reduction circuit
without memory and having an input and an out-
put;

the output of said integration two-port distortion
reduction circuit being connected to said input of
said nonlinear two-port distortion reduction circuit
without memory;

a linear transfer two-port distortion reduction circuit
having an input and an output;

said output of said nonlinear two-port distortion re-
duction circuit without memory being connected
to said mnput of said linear transfer two-port distor-
tion reduction circuit;

a summing element having first and second inputs and
an output;

the output of said linear transfer two-port distortion
reduction circuit being connected {o said first input
of said summing elements;

the second input of the summing element being con-
nected to said second input of said three-port cir-
cuit; and
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the output of said summing element forming the out-
put of said three-port circuit.

31. The network according to claim 19 for compen-
sating for the displacement varying Bl-product of an
electrodynamic microphone wherein said three-port
circuit is comprised of:

an integrating two-port distortion reduction circuit
having an input and an output and whose input
forms said first input of said three-port circuit;

a nonlinear two-port distortion reduction circuit
without memory and having an input and an out-
put;

said output of said integrating two-port distortion
reduction circuit being connected to the input of
said nonlinear two-port distortion reduction circuit
without memory;

a multiplying element having first and second inputs
and an output;

the output of said nonlinear two-port distortion re-
duction circuit without memory being connected
to said first input of said multiplying element;

the second input of said multiplying element forming
said second input to said three-port circuit; and

said output of said multiplying element forming the
output of said three-port circuit.

32. The network of claim 19 wherein said three-port

circuit 1s comprised of:

a nonlinear two-port distortion reduction circuit
without memory and having an input and an output
and said mput forming said first input of the three-
port circuit; and

a combining element without memory and having
first and second inputs and an output, said combin-
ing element combining said second input to said
three-port circuit without said output of said non-
linear two-port distortion reduction circuit without
memory 1nto the output signal of the three-port
circuit by use of a mathematical operation.

33. The network of claim 32 wherein the two-port
distortion reduction circuit is comprised of a combina-
tion of hnear two-port distortion reduction circuits,
nonlinear two-port distortion reduction circuits without
memory and combining elements without memory.

34. A network for the correction of linear and nonlin-
ear transier characteristics of electro-acoustic transduc-
ers over the complete dynamic range of small and large
input signal amplitudes comprising:

an electro-acoustic transducer having an input;

a distortion reduction system with nonlinear transfer
characteristics that are inverse to the same nonlin-
ear transfer characteristics of the transducer and
being connected to the input of said transducer;

said distortion reduction system consisting of at least
one two-port distortion reduction circuit contain-
ing predetermined elements to correct predeter-
mined types of distortion and having an input for

- recelving said 1nput signal amplitudes and generat-
ing an output to the input of said transducer;

said at least one two-port distortion reduction circuit
comprising at least two three-port circuits as said
predetermined elements, each of said three-port
circuits having first and second inputs and an out-
put and being connected in a feed forward arrange-
ment;

at least one of said three-port circuits containing
means for reducing distortion and multiplier coms-
bining means which provides said output from said
three port circuit;
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said distortion reduction system contaiming adjustable
control elements coupled to each of said two-port
distortion reduction circuits to correct distortion
using said nonlinear transfer characteristics that are
inverse to those same characteristics of the trans-
ducer; and

wherein the transfer characteristics of said two-port
distortion reduction circuit adjusts said input sig-
nals such that the output of said distortion reduc-
tion network provides an input to the transducer to
compensate for the nonlinear behavior of the elec-
tro-acoustic transducer.

35. The network according to claim 34 for compen-
sating for the displacement varying damping of a
woofer system wherein the three-port circuit is com-
prised of: |

a first linear two-port distortion reduction circuit
whose input forms the first input of said three-port
circuit;

a multiplier having first and second inputs and an
output;

a second linear two-port distortion reduction circuit;

a nonlinear two-port distortion reduction circuit
without memory and having an input and an out-
put;

the output of said first linear two-port distortion re-
duction circuit being connected to the input of said
second linear two-port distortion reduction circuit
and to the mput of said nonlinear two-port distor-
tion reduction circuit;

the output of said nonlinear two-port distortion re-
duction circuit without memory being coupled to
the first input of said multiplier;

the output of said nonlinear two-port distortion re-
duction circuit without memory being connected
to said second input of said multiplier;

a summing element having first and second inputs and
an output;

the output of said multiplier being connected to the
first input of said summing element;

the second input of said three-port circuit being con-
nected to said second input of said summing ele-
ment; and

said output of said summing element forming said
output of said three-port circuit.

36. The network according to claim 34 for compen-
sating for the electromagnetic attraction force of a
woofer system driven by a voltage source and wherein
the three-port circuit is comprised of:

a first linear two-port distortion reduction circuit
having an mput and an output and whose input
forms said first input of the three-port circuit;

a first nonlinear two-port distortion reduction circuit
having an input and an output;

a squaring element having first and second inputs and
an output;

said 1nput to the three-port circuit being also con-
nected to the input of said first nonlinear two-port
distortion reduction circuit whose output is cou-
pled to both said first and second inputs of said
squaring element;

a multiplier having first and second inputs and an
output;

said output of said squaring element being connected
to said first input of said multiplier;

a second nonlinear two-port distortion reduction
circuit;
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the output of said first linear two-port distortion re-
duction circuit being connected via said second
nonlinear two-port distortion reduction circuit to
said second input of said multiplier;

a summing element having first and second inputs and
an output;

the output of said multiplier being connected to said
first input of said summing element;

the second input of said three-port circuit being con-
nected to said second input of said summing ele-
ment; and

said output of said summing element forming said
output of said three-port circuit.

37. The network according to claim 34 for compen-
sating for the electromagnetic attraction force of a
woofer system driven by a current source wherein said
three-port circuit is comprised of:

a linear two-port distortion reduction circuit and
having an mput and an output and whose input
forms said first input of said three-port circuit;

a squaring element having first and second inputs and
an output;

said first input of said three-port circuit also being
directly connected to both said first and second
inputs of said squaring element;

a multiplier having first and second inputs and an
output;

said output of said squaring element being connected
to said first input of said multiplier;

a nonlinear two-port distortion reduction circuit
without memory having an input and an output;
said output of said linear two-port distortion reduc-
tion circuit being connected via said nonlinear
two-port distortion reduction circuit to said second

input of said multiplier;

a summing element having first and second inputs and
an output;

the output of said multiplier being connected to said
first input of said summing element;

said second input of said three-port circuit being con-
nected to said second input of summing element;
and

said output of said summing element forming said
output of said three-port circuit.

38. The network according to claim 34 for compen-
sating for the displacement varying damping of an elec-
trodynamic microphone wherein said three-port circuit
1s comprised of:

a linear two-port integrating element having an input
and an output and whose input is connected as the
input of said three-port circuit;

a multiplying element having first and second inputs
and an output;

said first mput of the three-port circuit also being
connected directly to said first input of said multi-
plying element;-

a nonlinear two-port distortion reduction circuit
without memory and having an input and an out-
put;

said output of said linear two-port integrating ele-
ment being connected via said nonlinear two-port
distortion reduction circuit without memory to
said second input of said multiplying element;

a linear transfer two-port element having an input and
an output;

a summing element having first and second inputs and
an output;
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the output of said muitiplier being connected via said
linear transfer two-port element to said first input
of said summing element;

said second mput of said three-port circuit being con-
nected to said second input of said summing ele-
ment; and

said output of said summing element forming said
output of said three-port circuit.

39. The network according to claim 34 for compen-
sating for displacement varying inductance of a woofer
system wherein said three-port circuit is comprised of:

a first linear transfer two-port distortion reduction
circuit having an input and an output and with the
input being said first input of said three-port circuit;

a first nonlinear synthesizing two-port distortion re-
duction circuit having an input and an output;

a multiplying element having first and second inputs
and an output;

said input of said three-port circuit also being con-
nected via said first nonlinear synthesizing two-
port distortion reduction circuit to said first input
of said multiplying element;

a second nonlinear two-port distortion reduction
circuit without memory having an input and an
output;

the output of said first linear transfer two-port distor-
tion reduction circuit being connected via said
second nonlmmear two-port distortion reduction
circuit without memory to said second input of said
multiplying element;

a second linear transfer two-port distortion reduction
circuit having an input and an output;

a summing element having first and second inputs and
an output;

the output of said multiplying element being con-
nected via said second linear transfer two-port
distortion reduction circuit to said first input of said
summing element;

said second 1nput of said three-port circuit being con-
nected to said second input of said summing ele-
ment; and

said output of said summing element forming said
output of said three-port circuit.

40. The network according to claim 34 for compen-
sating for nonlinear air compression in sound directing
elements wherein said three-port circuit is comprised of:

a dynamic two-port distortion reduction circuit and
having an input and an output, said input forming
said input of said three-port circuit;

a nonlinear two-port distortion reduction circuit
without memory having an input connected to said
output of said dynamic two-port distortion reduc-
tion circuit and an output;

a linear transfer two-port distortion reduction circuit
having an 1mnput coupled to the output of said non-
linear two-port distortion reduction circuit;

a summing element having first and second inputs and
an output, said first input of said summing element
being coupled to the output of said linear transfer
two-port distortion reduction circuit;

the second input of said three-port circuit being con-
nected to said second input of said summing ele-
ment; and

said output of said summing element forming said
output of said three-port circuit.

41. The network according to claim 34 for compen-

sating for the varying flow resistance due to turbulence
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in sound directing elements wherein said three-port
circuit is comprised of:

a first linear transfer two-port distortion reduction
circuit having an input forming the first input of
said three-port circuit and an output;

a nonlinear two-port distortion reduction circuit
without memory having an input coupled to the
output of said first linear transfer two-port distor-
tion reduction circuit and an output;

a second linear transfer two-port distortion reduction
circuit having an input coupled to said output of
said nonlinear transfer two-port distortion reduc-
tion circuit and an output;

a summing element having first and second inputs and
an output, said first output of said summing element
being connected to the output of said second linear
transfer two-port distortion reduction circuit;

said second input of said summing element being
connected to said second input of said three-port
circuit; and

said output of said summing element forming said
output of said three-port circuit.

42. The network according to claim 34 for compen-
sating for the displacement varying stiffness of an elec-
tromagnetic microphone wherein said three-port circuit
1s comprised of:

an integration two-port distortion reduction circuit
having an input and an output and whose input
forms said first input of said three-port circuit;

a nonlinear two-port distortion reduction circuit
without memory and having an input and an out-
put;

the output of said integration two-port distortion
reduction circuit being connected to said input of
said nonlinear two-port distortion reduction circuit
without memory:

a linear transfer two-port distortion reduction circuit
having an input and an output;

said output of said nonlinear two-port distortion re-
duction circuit without memory being connected
to said 1nput of said linear transfer two-port distor-
tion reduction circuit;

a summing element having first and second inputs and
an output;

the output of said linear transfer two-port distortion
reduction circuit being connected to said first input
of said summing elements;

the second input of the summing element being con-
nected to said second input of said three-port cir-
cuit; and

the output of said summing element forming the out-
put of said three-port circuit.

43. The network according to claim 34 for compen-
sating tor the displacement varying Bl-product of an
electro-dynamic microphone wherein said three-port
circuit is comprised of:

an Integrating two-port distortion reduction circuit
having an input and an output and whose input
forms said first input of said three-port circuit;

a nonlinear two-port distortion reduction circuit
without memory and having an input and an out-
put;

said output of said integrating two-port distortion
reduction circuit, being connected to the input of
said nonlinear two-port distortion reduction circuit
without memory;

a multiplying element having first and second inputs
and an output;
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the output of said nonlinear two-port distortion re-
duction circuit without memory being connected
to said first input of said multiplying element;

the second input of said multiplying element forming
said second imput to said three-port circuit; and

said output of said multiplying element forming the
output of said three-port circuit.

44. The network according to claim 34 wherein said

three-port circuit is comprised of:

a nonlinear two-port distortion reduction circuit
without memory and having an input and an output
and said mmput forming said first input of the three-
port circuit; and
combining element without memory and having
first and second inputs and an output, said combin-
ing element combining said second input to said
three-port circuit with said output of said nonlinear
two-port distortion reduction circuit without mem-
ory into the output signal of the three-port circuit
by use of a mathematical operation.

45. The network of claim 44 wherein the two-port
distortion reduction circuit is comprised of a combina-
tion of linear two-port distortion reduction circuits,
nonlinear two-port distortion reduction circuits without
memory and combining elements without memory.

46. The network of claim 34 wherein:

a plurality of said three-port circuits are connected in

said feed forward arrangement;

the first input of the first one of said plurality of three-
port circuits is connected to the input of said two-
port distortion reduction circuit;

the output of said first one of said plurality of three-
port circuits is connected to the first input of a
second one of said plurality of three-port circuits;

at least one additional three-port circuit being con-
nected in the same manner as said first and second
three-port circuits resulting in a series connection
of all of said plurality of three-port circuits;

the output of the last one of said plurality of three-
port circuits being connected to the output of the
two-port distortion reduction circuit; and ‘

the second mnput of all of said plurality of three-port
circuits being connected to the first input of the
two-port distortion reduction circuit.

47. The network according to claim 34 wherein the

three-port circuit is comprised of:

a linear two-port dynamic distortion reduction circuit
and a nonlinear two-port distortion reduction cir-
cuit without memory, in series;

the input of the linear two-port distortion reduction
circuit forming the first input of the three-port
circuit;

a summing element having first and a second inputs
and an output; :

the output of the nonlinear two-port distortion reduc-
tion circuit being connected to the first input of
said summing element;

the second input of the three-port circuit being con-
nected to the second input of the summing element;
and

the output of the summing element forming said out-
put of the three-port circuit.

48. The network according to claim 34 wherein the

three-port circuit compensates for the displacement

varying Bl-product of the transducer and is comprised
of:
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a hnear two-port dynamic distortion reduction circuit
and a nonlinear two-port distortion reduction cir
cuit without memory, 1n series; '

the mmput of the linear two-port distortion reduction
circuit forming the first input of the three-port
circuit;

a multiplying element having first and second inputs
and an output;

the output of the nonlinear two-port distortion reduc-
tion circuit being connected to said first input of
said multiplying element;

the second input of said three-port circuit being con-
nected to the second input of said combining ele-
ment; and

the output of said combining element forming the
output of the three-port circuit.

49. A network for the correction of linear and nonlin-
ear transfer characteristics of electro-acoustic transduc-
ers over the complete dynamic range of small and large
input signal amplitudes comprising:

an electro-acoustic transducer having an input;

a distortion reduction system with nonlinear transfer
characteristics that are inverse to the same nonlin-
ear transfer characteristics of the transducer and
being connected to the input of said transducer;

said distortion reduction system also having linear
transfer characteristics and consisting of at least
one two-port distortion reduction circuit having an
input for receiving said input signal amplitUdes and
generating an output to the input of said trans-
ducer;

said distortion reduction system containing adjustable
control elements to correct distortion using said
nonlinear transfer characteristics that are inverse to
those same characteristics of the transducer;

wherein the linear and nonlinear transfer characteris-
tics of said two-port distortion reduction circuit
adjusts said input signals such that the output of
said distortion reduction network provides an input
to the transducer to compensate for the nonlinear
behavior of the electro-acoustic transducer; and

including control inputs coupled to the adjustable
control elements of the distortion reduction net-
work for providing signals to automatically adjust
said control elements.

50. The network according to claim 49 wherein said

adjustment system consists of:

at least one signal generator for producing an excita-
tion signal to a transducer, a sensor for measuring
the electrical, mechanical, and acoustical signal
response from the transducer, and an analyzer for
evaluating the resulting signal;

said generator being connected via the distortion
reduction network to the transducer to produce a
signal based on said excitation signal;

said sensor sensing the output of the transducer pro-
duced by said excitation signal and generating an
output signal to said analyzer;

a reference signal produced by said at least one gener-
ator;

said analyzer evaluating the signal from the sensor by
comparing it to said reference signal and generat-
ing an output control signal; and

the output control signal of said analyzer being con-
nected to said control inputs of the distortion re-
duction network to adjust automatically said con-
trol elements of the distortion reduction network to
make the transducer produce the signal expected
from the excitation signal and thus improve the

performance of the distortion reduction network.
X X =*  J *
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